The oxidation of the Rh(lll) surface was studied by low-energy electron diffraction (LEED), Auger electron spectroscopy (AES) and thermal desorption mass spectroscopy (TDS). Four different oxygen species were detected during the oxidation. Initially chemisorbed oxygen atoms are produced from the low temperature dissociative adsorption of oxygen and undergo an activated ordering process to form three domains of a (2xl) structure. The chemisorbed oxygen was readily removed by exposure to hydrogen above 350 K. Heatingthe Rh(lll) crystal in the presence of oxygen resulted in oxygen diffusing into the near surface region.
Previous studies of oxygen chemisorption on Rh(lll) l, 3 , 5 have not been able to structural differentiate between the twoApossibilities. The results of our investigation indicate that the ordered chemisorbed oxygen structure on Rh(lll) is three domains of a (2xl) structure. Ordered epitaxi'al oxides have been observed on the hexagonal faces of co 17 , rr 18 , Ni 19 , Pd 14 and Pt 20 but not on Rh or Ru.
In this paper we report the epitaxial growth of Rh 2 0J(0001) on the Rh(lll) surface. Low-energy electron diffraction (LEED) was used to detect the formation of surface structures. Auger electron spectroscopy (AES) was used to monitor -the surface compositi'on. Thermal desorption mass spectroscopy (TDS) was used to nh"t;Jin information about the binding and desorption of the oxygen species and their diffusion into the near surface region. ln thi's investigation we were able to identi'fy four dtfferent types of oxygen species: chemisorbed oxygen atoms, dissolved oxygen in the rhodium 2.
lattice, a 11 strongly bound oxygen" and epitaxial Rh 2 o 3 • The chemisorption results reported in this paper are in good agreement with and add new information to previous studies of oxygen chemisorption on Rh(lll). 1 • 3 • 5 ~le also report the first observation of ordered epitaxial oxide formation on Rh(lll). Our results will be compared with the previous results of oxidation studies on other Group VIII transition metal single crystal surfaces.
Experimental
The experiments were carried out in a Varian ion pumped UHV system having LEED, retarding field AES and TDS capabilities. The Rh(lll) crystal was a 1 mm thick, 6 mm diameter disc oriented within ~l/2° of the (111) crystal face. The crystal was mechanically polished with the final polishing done on a syntron containing a slurry of 0.05~ Al 2 o 3 in H 2 0.
The crystal was connected to 1/4 inch square Cu bar supports by 0.007 inch thick Ta foil, with the rhodium crystal attached to theTa foil by spot welds. The sample was mounted such that the Ta foil masked off the back side of the crystal. The heating leads outside the vacuum chamber were LN 2 cooled so adsorptions could be carried out at temperatures between 210 and 1075 K.
The crystals were heated resistively and the crystal temperature was monitored by a chromel-alumel thermocouple spot welded to the back side of the crystal.
Sulfur, boron and carbon were the major impurHies detected on the Rh(lll) surface and were removed by argon ion bombardment and annealing. Boron, which is a major bulk impurity (17 ppm), segregated to the s·urface and required many cycles of ion bombardment (500 eV, 5xl0-5 torr Ar,300K) and anne&ltng at 1070 K to deplete it from the near surface region.
Oxygen adsorption was studied for o 2 pressures between lxlo-8 torr and 1 torr and at temperatures between 210 and 1075 K. Surface structures were observed both with increasing exposure and after the gas was pumped away, Oxygen TDS spectra were taken by plotttng the output of mass number 32 from the quadrupole mass spectrometer (UTI model lOOC) versus temperature while the crystal temperature was being increased linearly. Blank TDS experiments were performed by replacing the Rh crystal with Ta fall to insure that desorption peaks in the rhodium TDS spectra were from the Rh(lll) crystal and not theTa foil supports.
The condtttons (0 2 partial pressure, crystal temperature, time) for formation of the various oxygen species des·cri'bed tn Section 3 did not always g:!nemte reproduci.5le amounts of the various oxygen spectes. This was particularly true for the formation of the strongly bound oxygen and epitaxial oxide. . For these cases additional variables such as the pressure of the residual background gases, the presence of impurities in the surface and/or near surface region and the previous oxygen and heat treatments of the sample were found to be important.
The conditions given in Section 3 are for oxygen exposures on a clean surface (as determined by AES) in a well baked UHV system with all filaments and the crystal holder thoroughly degased to keep the pressures of the residual background gases at a minimum. The pressures were measured by a nude ionization gauge and were not corrected for the sensitivity differences of the ionization gauge to the various gases. Two different surface structures, a (2x2) or three domains of a (2xl), sharp can generate a LEED pattern withAhalf order diffraction spots (Fig.lc) . In Fiq.2 the unit cells of the (2x2) structure and one domain of the c(2x2) and {2xl) structures are shown. Both the c(2x2) and (2xl) unit cells ~escribe identical oxygen overlayers~ therefore, for the remainder of this paper we will primarily refer to it as a (2xl) structure. We have used the activated ordering process to differentiate between the (2xl) and (2x2) structures on Rh(lll). By following the shape of the half order diffraction features during the ordering process, it was determined that three domains of (2xl) structure was consistent with the direction of spot elongation (Fig.lb) . This is illustrated in Fig.l the Disordering in three direction5 of th~ (2x2) structure would tend to make the h~lf order diffraction features round, broad and diffuse, not elongated as shown in were rapidly removed when the rhodium surface was heated to 350K in lxl0-7 torr of H 2 .
Further oxtdation of the rhodium surface was-carried out by heating the crystal to higli temperatures tn tlie presence of oxygen, For tempera--S tures up to 1075 K and oxygen pressures up to lxlO torr only half order diffraction spots were observed in the LEED pattern. Although this is the same diffraction pattern as was seen for chemisorbed oxygen, the reativity with hydrogen of the oxygen species that make up this surface structure was much lower than was observed for the chemisorbed oxygen. After prolonged heating (>30 min.) at -5 1075 K in lxlO torr of o 2 , the half order diffraction spots could not be -7 removed by heating the crystal to 350 K in lxlO torr of H 2 and high temperature anneals (1175 K) in hydrogen were required to regenerate the clean Rh(lll) surface.
fnis unreactive oxygen species has also been referred to as "strongly bound "VY2~n~~ or 11 Surface oxide" in the literature and we use these three descriptions interchangeably here.
6.
Increasing the oxygen pressure to 1 torr and heating the crystal at 975K
for 10 minutes resulted in the appearance of a diffraction pattern from a (8x8) surface structure ( The AES spectra for the Rh(lll)-oxygen system are shown in Figs.5 and 6.
,.,e suectra in Fig.5 show the rhodium MNN and oxygen KLL transitions, In Fig.6 ',,, r·<;·yJ ium NVV transition is shown. The low energy NVV transition involves the therefore 
faces Hydrogen, oxygen and CO TDS experiments were attempted on the oxidized that surface structure so/\a comparison with TDS results on clean rhodium surcould be made. It was found that neither hydrogen nor CO adsorbed in sufficient amounts to be detectible on the (8x8) structure at 300 K. and the (8x8) structure began decomposing as the crystal was heated during the desorption experiments. For this reason only the decomposition of the epitaxial oxide was investigated. Heating the oxidized surface to 800 K resulted in a large oxygen (mass 32) desorption signal as the epitaxial oxide LEED pattern reverted to a half order LEED pattern. If this pattern was then heated to 1200 K a large oxygen desorption signal (more than 100 times the signal from the chemisorbed oxygen in Fig.7 ) was observed between 800 and 1200 K. The. initial heating to 800 K decomposed the epitaxial Rh 2 o 3 , but still left a large amount of oxygen in the near surface region which could be removed by heating the crystal to 1200 K.
Most of the oxygen removed at this temperature must be from the near surface region, since the amount of oxygen desorbed was far too large to be just due to a monolayer of adsorbed oxygen. The size of this desorption peak indicates ,J have been undertaken. These studies were unable to differentiate between the ~ tv1o st1·uctures but did determine that the oxygen atoms resided in threefold . 11
oxygen was used to detemine that chemi.$orbed hollow sites. On Ir (111) the activated ordering ofAoxygen forms a (2xl) surface structure, just as in our studies on Rh(lll). A previous low temperature study of oxygen adsorption on Rh(lll) 3 found that ordering of tne oxygen overlayer was or (2x2) octivated, but did not identify whether the oxy~en structure was a (2xl~structure, Determination of surface coverage has also been used to make the distinction between the (2xl) and (2x2) structures since for the (2xl} structure Q:l/2 while for the (2x2) structure Q could be 1/4, l/2 or 3/4 (in Fig. 2 The structure sensitivity of the platinum metal surface oxides should ~lso be considered. On Pt surfaces preoxidation yielded a higher relative enhon~e~ent of dehydrogenation and hydrogenation activities for a kinked surface than for a stepped or flat surface. 31 Oxygen diffusion into the near surface region of Pd was found to be more pronounced on the (111) than on.the (110) 14 sqrface.
For Rh oxygen dissolution and nonreactive surface oxide formation 12' has been observed on the (111) 1 • 3 , (100) 1 • 7 , (110) 6 ' 9 and several stepped 2 ' 8 surfaces.
The relationship of dissolved oxygen to these surface oxides is also important to consider. One ,possibility that our results suggest is that only after the near surface region becomes saturated with dissolved oxygen does oxygen precipitate at the surface and form the surface oxide. This is reason- The transition metals in Table I can be divided into two groups·, the 14.
5~

Conclusi_ons
In our investigation of the oxidation of the Rh(lll) surface, we have identified and characterized the following four oxygen species:
1. Low temperature dissociative adsorption produced very reactive chemisorbed oxygen atoms which underwent an activated ordering process to form three domains of a (2xl) surface structure. TDS spectra from chemisorbed oxygen on Rh(lll). Reference to a company or product name does not imply approval or recommendation of the product by the University of California or the U.S. Department of Energy to the exclusion of others that may be suitable. 
